Abstract: A numerical simulation of gain measurement performed using the three-antenna method for a log-periodic dipole array antenna (LPDA) is presented. The electromagnetic simulation is based on the finite integration method. The gain variation attributable to measurement distance is estimated when using the conventional method in which the reference point of LPDA is considered. We propose a technique for estimating the phase center by exploiting this gain variation. The simulated results demonstrate the efficacy of considering the phase center for accurate antenna calibration.
Introduction
Log-periodic dipole array antennas (LPDAs) are commonly used as wideband antennas in electromagnetic compatibility (EMC) testing. The three-antenna method is widely used to determine the far-field gain of EMC antennas. Two antennas are normally separated so as to satisfy the far-field criterion in gain measurement. However, the gain varies depending on the separation distance, even if it satisfies the far-field criteria. This is because the gain is measured based on the distance between the reference points, which is generally chosen to be the midpoint of the LPDA [1] . When the conventional three-antenna method is applied, a sufficiently large distance is required for accurate measurements. For EMC antennas, the efficacy of using the phase center in the gain measurements has been shown [2, 3, 4, 5] , but the phase center is generally costly and difficult to measure.
In this paper we discuss a numerical simulation, which is based on the finite integration method (FIM), of the gain measurements of the LPDA, using the three-antenna method in which the locations of the reference point and phase center were considered. We also propose a technique for approximating the location of the phase center and the results are compared with the above numerical calculation.
Simulation model of gain measurement
The gain measurement by the three-antenna method was simulated using a full-wave electromagnetic solver, CST MW-Studio [6] , based on FIM. The effect of the measurement distance on the gain of an LPDA was estimated. The simulation model for the gain measurement is shown in Fig. 1 (a) . Two LPDAs separated by distance r were placed facing each other in the analytical region. The region comprised nonuniform cells, for which the maximum cell size was λ/20. The antenna was assumed to be a perfect conductor and was excited by a coaxial feed. The absorbing boundaries were assumed as the boundaries of the analytical region. The perfectly matched layer (PML) [7] , with eight layers, was used as the absorbing boundary condition.
The antenna model of LPDA used for this evaluation is shown in Fig. 1 (b) . The geometry parameters of antenna [8] were chosen with a scaling factor of τ = (L n+1 /L n ) = 0.915, spacing factor of σ = (S n /2L n ) = 0.052, 27 dipole elements (= N ), and the lengths of the longest and shortest dipole elements (L 1 and L N ) corresponding to an operating frequency range of 1 to 10 GHz.
For the two antenna system shown in Fig. 1 (a) , the Friis transmission formula is expressed as follows:
Here, G t is the gain of the transmitting antenna; G r , the gain of the receiving antenna; P t , the input power to the transmitting antenna; P r , the power received by the receiving antenna; λ, the wavelength; and A tr (= P r /P t ), the antenna insertion loss. The gain of each antenna can be determined by solving three equations (1) obtained using all combinations of the three antennas. For example, the gain of one of the three antennas is expressed as follows:
If two antennas are identical, the gain is represented by
This is referred to as the two-antenna method.
Determination of phase center and gain
The two-antenna method was applied to the simulation of gain measurement so that identical antennas can be assumed for numerical computation. The gain was determined by computing the S21 parameter of both antenna ports for the antenna insertion loss, A in (3), and impedance mismatch losses (S11 parameter). Figure 2 shows the gains determined using the different distances between the reference points for 0.5, 1, and 1.5 m (= r), and the far-field gain. The farfield gain was calculated using the near-to-far-field transformation based on the field equivalence theorem from the model shown in Fig. 1 (b) . When the gain was determined on the basis of the reference point, it varied depending on the measurement distance.
The phase center, defined as the center of the curvature of the equiphase front on far-field ranges, is considered an equivalent point source of far-field radiation. Thus, it is appropriate to consider the distance d between phase centers when dealing with the antenna separation distance during gain measurement, as shown in Fig. 1 (a) . Several investigations [2, 3, 4, 5] into the phase center of typical EMC antennas have shown that the gain (G d ) determined based on the phase center is very close to the far-filed gain (G F AR ). Using this assumption, i.e., G F AR ∼ = G d , the phase center can be estimated from the gain measurement at different distances. A similar approach has been proposed by Hertel [3] in a gain measurement, i.e., it is based on the antenna insertion loss measurements. However, we use the gain ratio at two different distances.
The changes in the gains (G d and G r ) determined by using the distance d(= r+2·d P C ) between phase centers and the distance r between the reference points is expressed as a ratio of both distances; this ratio, dG r , is derived from (3) as follows:
The ratios of the gains (G r1 and G r2 ) determined at two different distances (r = r1 and r2) to the far-field gain are respectively expressed as follows:
The ratio (ΔG) in the these gains from (5) and (6) is given by
Therefore, the location of the phase center can be approximated by
Figure 3 (a) shows the location of the phase center estimated using this technique from the gains determined at two distances of 0.5 m (= r1) and 1 m (= r2). As the frequency increases, the phase center moves from the vicinity of the end of the LPDA toward the tip corresponding to that of the resonant dipoles. However, the location of the phase center differs from the resonant dipoles below 6 GHz. This is similar to Chen's [2] calculation results using the moment method. To validate these results, the phase center computed using FIM was also plotted in the same figure. The analytical model used in the calculation is shown in Fig. 1 (b) . The location of the phase center was computed from the equiphase pattern, which was calculated by adjusting the origin of the near-to-far-field transformation in the bore-sight direction [4, 5] . The phase center determined by the proposed technique was in good agreement with that of the numerical calculation. The gain determined on the basis of the distance between the phase centers exhibited good agreement with the far-field gain, as shown in Fig. 3 (b) . The results suggest the efficacy of the proposed technique. These results indicate that for gain measurement, taking the location of the phase center into consideration does not result in gain variation due to distance even at relatively small antenna separations (e.g., r = 0.5 m). It is also more effective than the conventional measurement, in which the location of the reference point is considered and the antenna separation needed to determine the farfield gain is considerably large.
Conclusion
The effect of the separation distance on the gain of a log-periodic dipole array antenna was estimated by conducting numerical simulations based on the finite integration method. In addition, a technique to determine the location of the phase center was proposed. Simulation results indicate the following: (1) The gain determined by the conventional measurement, which uses the reference point of the antenna, varies depending on the measurement distance. ( 2) The phase center can be approximated by exploiting this gain variation due to distance, i.e., by measuring the gains at two distances. (3) The accurate far-field gain is obtained at reduced distances by considering the phase center.
